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Background: We characterize a novel nanocomposite that acts as an efficient anticancer 
agent. 

Methods: This nanocomposite consists of zinc layered hydroxide intercalated with protocatech- 
uate (an anionic form of protocatechuic acid), that has been synthesized using a direct method 
with zinc oxide and protocatechuic acid as precursors. 

Results: The resulting protocatechuic acid nanocomposite (PAN) showed a basal spacing 
of 12.7 A, indicating that protocatechuate was intercalated in a monolayer arrangement, with 
an angle of 54° from the Z-axis between the interlayers of the zinc layered hydroxide, and an 
estimated drug loading of about 35.7%. PAN exhibited the properties of a mesoporous type 
material, with greatly enhanced thermal stability of protocatechuate as compared to its free 
counterpart. The presence of protocatechuate in the interlayers of the zinc layered hydroxide 
was further supported by Fourier transform infrared spectroscopy. Protocatechuate was released 
from PAN in a slow and sustained manner. This mechanism of release was well represented by 
a pseudo-second order kinetics model. PAN has shown increased cytotoxicity compared to the 
free form of protocatechuic acid in all cancer cell lines tested. Tumor growth suppression was 
extensive, particularly in HepG2 and HT29 cell lines. 

Conclusion: PAN is suitable for use as a controlled release formulation, and our in vitro 
evidence indicates that PAN is an effective anticancer agent. PAN may have potential as a 
chemotherapeutic drug for human cancer. 

Keywords: protocatechuic acid, nanocomposite, zinc layered hydroxide, zinc oxide, 3T3, 
HepG2, HeLa, HT29 

Introduction 

Cancer is a global epidemic, and accounts for more deaths worldwide than other 
diseases. It affects all ages and socioeconomic groups. 

The combination of nanotechnology and medicine, named nanomedicine, has 
changed the medical world by creating a myriad of new opportunities for advancing 
the treatment of cancers. Nanoparticles hold the potential to increase the selectivity 
for eliciting cancer cell death and minimizing toxicity on noncancerous cells. 12 

Layered hydroxides such as hydrotalcite-like clays which consist of positively 
charged layers and exchangeable anions, along with water molecules in the interlayer 
space, can be classified into two major groups; layered double hydroxides (LDHs) 
and layered hydroxide salt (LHS). Many successful intercalations have been reported 
with regards to the use of LDHs as anticancer drug carrier systems. 37 LDHs structure 
has the general formula of: 



[M 2 _ + r M 3 r + (OH) 2 ]" t+ (A m -) x/m ■ «H 2 0 
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where M 2+ is a divalent metal cation and M 3+ is a trivalent 
metal cation; n refers to the number of interlayer water mol- 
ecules, x represents the layer charge density and A m ~ is an 
inorganic or organic interlayer anion with m- charge. 8 9 

Zinc layered hydroxide (ZLH) is an LHS with a general 
composition of 

M 2+ (OH) 2 _ r (A"-) r/)i - OT H 2 0 

where M 2+ is a metallic cation and A"~ represents a counter 
ion with (n— ) charge. 10 ZLHs are currently being used as an 
additive in concrete, 11 slow release herbicides 12 and drug 
nanoreservoirs. 13,15 Some anticancer drugs have been inter- 
calated into interlamellae of ZLH, including chlorogenic 
acid, 13 linoleic acid, 14 ellagic acid, 15 hippuric acid 16 and 
gallic acid. 17 

The intercalation of protocatechuic acid (Figure 1 A) into 
Mg/AL-LDH has been studied and the resulting material 
protocatechuate-Mg/Al nanocomposites showed excellent 
anticancer properties compared to the free drug. 3 However, 
to the best of our knowledge, application of ZLH as a nano- 
vehicle has yet to be explored and, very little information 
is available on the use of ZnO as the starting material for 
the synthesis of nanovehicles for anticancer drug delivery 
systems. 

Zinc is an essential mineral for human health, and is 
necessary for the function of many enzymes that take part 
in the synthesis and degradation of lipids, proteins, nucleic 
acids and carbohydrates in the body. It is also required for the 
proper function of the immune system. 1819 In addition, ZLH 
as a nanocarrier is not stable in low pH medium, and when 
dissolved in liposomes (pH 4.5-5) it forms zinc anions which 
are taken up by the body and become part of the nutrient 




OH OH 

Figure I Molecular structure of protocatechuic acid (A) and protocatechuic acid 
anion, protocatechuate (B). 



cycle. 20 Furthermore, zinc has excellent antibacterial and 
antimicrobial properties. 21 

Therefore, here we describe our work on the encapsu- 
lation of the protocatechuate anion (Figure IB) into the 
interlayers of ZLH through a direct method which is rela- 
tively simple, environmentally friendly and economical, as 
it includes fewer chemicals and steps compared with other 
layered metal hydroxide synthesis methods like solid state 
reactions, 22 urea hydrolysis, 23 hydrolysis of salts and oxides 24 
and precipitation with alkaline solution. 25 

In the present work, we investigated the properties of the 
resulting protocatechuate-ZLH intercalation compound by 
intercalating an anticancer agent, protocatechuate, into the 
interlayer lamellar host (ZLH). The expected advantages of 
this approach are high thermal stability, controlled release 
capability, good solubility in water, and better anticancer 
efficacy. Furthermore, we selected different types of cancer- 
ous cells to evaluate anticancer efficiency on the cancer cells 
as well as to investigate the possible toxicity induction on 
the normal fibroblast (3T3) cells. 

Materials and methods 

Materials 

Protocatechuic acid (97%) was obtained from Acros Organ- 
ics (Geel, Antwerp, Belgium) and was used without further 
purification. Phosphate-buffered saline (PBS) and ZnO 
from Sigma-Aldrich (St Louis, MO, USA) were used as 
received. NaOH was purchased from Friendemann Schmidt 
(Parkwood, WA, USA) and deionized water was used in all 
experiments. 

Synthesis of ZLH intercalated 
with protocatechuate 

Protocatechuate-ZLH nanocomposite (PAN) was synthesized 
using ZnO as starting material, by a direct method, similar 
to previously reported studies. 13 26 About 0.2 g of ZnO was 
reacted with 100 mL of 0. 1 mol/L protocatechuic acid solu- 
tion. The solution was titrated with 1 mol/L NaOH to the 
final pH of 7.9 under vigorous stirring. Then it was aged in 
an oil bath at 70°C for 1 8 hours, before being centrifuged 
and washed with deionized water. The resulting compound 
was dried in an oven at 60°C overnight. 

Characterization 

Powder X-ray diffraction patterns were recorded in the range 
of 2°C-60°C on a Shimadzu diffractometer, XRD-6000 
using CuK a radiation (k =1.5418 A) at 30 kV and 30 mA 
with a dwell time of 4 degrees per minute. Fourier transform 
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infrared (FTIR) spectra of the materials were recorded over 
the range of 400^,000 cnr 1 on a Thermo Nicolet Nexus 
FTIR (model Smart Orbit) with 4 cnr 1 resolution, using the 
KBr disk method. The chemical composition of the samples 
was analyzed for zinc by inductively coupled plasma atomic 
emission spectrometry using a Perkin-Elmer spectrophoto- 
meter (model Optima 2000 DV) under standard conditions. 
For carbon, hydrogen, nitrogen and sulfur (CFTNS) analyses, 
a CHNS-932 LECO instrument was used. Thermogravi- 
metric and differential thermogravimetric analyses were 
carried out using a Mettler Toledo instrument with a heat- 
ing rate of 10°C per minute in the range of 20°C-1,000°C 
under nitrogen atmosphere (N, flow rate 50 mL per minute). 
Surface characterization of material was carried out using 
a nitrogen gas adsorption-desorption technique at 77 K, 
with a Micromeritics ASAP 2000 instrument. A field 
emission scanning electron microscope (Nova Nanosem 
230 model) was used to determine the surface morphology 
of the samples. Ultraviolet-visible spectra were measured 
to determine the optical properties, and a controlled release 
study was performed using a Perkin Elmer ultraviolet (UV)- 
visible spectrophotometer (Lambda 35). 

Loading and release of protocatechuate 
from PAN 

Loading amount of protocatechuate in PAN was determined 
using a Perkin-Elmer Lambda 35 UV- visible spectrophoto- 
meter. About 0.5 mL of 1 mol/L HC1 solution and a known 
amount of PAN were placed in a 10 mL volumetric flask. 
The concentration of protocatechuate in the solution was 
measured at 255.8 nm using a standard curve of a series of 
standard solutions of known protocatechuate concentration. 
The release of protocatechuate from PAN was performed 
into a medium of PBS at pH 7.4 and pH 4.8, 27 ~ 29 by adding 
about 28 mg of PAN into 250 mL of the buffer solutions. 
The accumulated amount of protocatechuate released into 
the solution was measured at preset time intervals using 
a spectrophotometer at X =255.8 nm. To compare the 

1 1 max 1 

release rate of protocatechuic acid from PAN with that 
from the physical mixture of protocatechuic acid and 
pristine ZLH (prepared for this purpose), 30 the same pro- 
tocatechuic acid release experiments were performed with 
0.40 mg of a physical mixture containing protocatechuic acid 
(PA) (0.14 mg) and the pristine ZLH (0.26 mg). 

Cell culture and MTT cell viability assays 

Several cancerous and normal cell lines, including HeLa, 
HepG2, HT29, and 3T3 cell were grown in Roswell Park 



Memorial Institute (RPMI) 1 640 medium supplemented with 
10% fetal bovine albumin, penicillin and streptomycin, and 
equilibrated with 5% carbon dioxide at 37°C. 

An MTT (methylthiazol tetrazolium) based assay was 
carried out to determine the cell viability. Cells were 
harvested and seeded in 96-well tissue culture plates at 
5.0xl0 4 cells/well for 24 hours. PA, PAN and ZnO stock 
solutions were prepared by dissolving the compound in 1 : 1 
of dimethyl sulfoxide (0. 1%) and RPMI. Later the mixture 
was further diluted in the same media to produce various 
final concentrations ranging from 0.781-50 |J.g/mL. Upon 
attachment, the tested compounds were added until the 
final volume of 200 uL/well. After 48 hours incubation 
without shaking, 20 uL of MTT solution (5 mg/mL in PBS) 
was added in each well and further incubated for 3 hours 
before being aspirated. Then 100 \iL of dimethyl sulfoxide 
was added per well in order to dissolve the purple forma- 
zan salt. The intensity of purple formazan solution, which 
reflects cell growth was subsequently measured at 570 nm 
using a microplate reader. 

Statistical analysis 

All experiments were carried out in triplicates and all the 
data were presented as the mean + standard deviation. Sta- 
tistical differences between measurements were carried out 
using Student's /-test analysis. Statistical significance was 
ascertained when P<0.05. 

Results and discussion 

Powder X-ray diffraction and structural 
model 

The Powder X-ray diffraction (PXRD) patterns for ZnO, 
PAN and protocatechuic acid are given in Figure 2. For ZnO, 
five intense peaks at 30-60 degrees can be observed which 
can be associated to diffraction of 100, 002, 101, 102 and 
110 planes. 13 - 31 The diffraction pattern also revealed high 
crystallinity of ZnO. The formation of protocatechuic acid 
nanocomposite, PAN is believed to occur through a 
dissociation-decomposition mechanism in three steps: 

1 . Hydrolysis of ZnO in the aqueous condition to Zn(OH) 2 
on the surface of ZnO, to form a layer of Zn(OH) 2 . 

ZnO + H 2 0 ► Zn(OH) 2 

2. Dissociation of the layer and formation of Zn 2+ species 
in the presence of acid 

Zn(OH) 2 ► Zn 2+ + OH 
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Figure 2 Powder X-ray diffraction patterns of ZnO (A), PAN (B) and 
protocatechuic acid (C). 

Abbreviation: PAN, protocatechuic acid nanocomposite. 



3 . The reaction of Zn 2+ species with protocatechuate anions, 
hydroxyls and H 2 0 in the solution to generate the layered 
PAN nanohybrid compound. 32 - 33 

Zn 2+ + OH- + PA" + H,0 ► Zn 2+ (OH), t (PA m ) r/m • «H 2 0 



The PXRD of PAN synthesized via direct reaction 
between PA and ZnO shows an increment in the basal spac- 
ing due to the intercalation of protocatechuic acid anions 
into the ZLH interlayers, as reflected by the observation 
of peaks at lower 20 values which was recorded at 7.10, 
13.62 and 21.25, with basal spacing of 12.4 A, 6.5 A and 
4.2 A, respectively. Disappearance of intense ZnO peaks 
(Figure 2A) and a protocatechuic acid phase (Figure 2C) also 
proved that ZnO was successfully converted into ZLH, and 
at the same time the protocatechuate anion was incorporated 
into the interlayers of ZLH. 

Figure 3 A shows the three dimensional molecular size of 
protocatechuic acid. Using Chem Office software, the long 
and short axes and molecular thickness of protocatechuic 
acid were estimated to be 9.0 A, 6.8 A and 2.9 A, respectively 
(Figure 3A). The average basal spacing of PAN based on 
three harmonics obtained from X-ray diffraction patterns 
was estimated to be 12.7 A, and subtracting the thickness 
of the ZLH inorganic layers (4.8 A), 34 35 the expected gal- 
lery height for protocatechuate anion occupation was 7.9 A. 
This value was smaller than the dimension of protocatechuic 
acid along the Y-axis, and bigger than the X-axis and the 
thickness of protocatechuic acid molecule (2.9 A). Hence, 
the protocatechuic acid anions have oriented themselves in 
a monolayer arrangement with an angle of 54 degrees from 
the Z-axis between the ZLH interlayers, with the carboxylate 
groups positioned toward the ZLH inorganic layers as shown 
in Figure 3B. 

FTIR. spectroscopy 

The FTIR spectra for protocatechuic acid and PAN are 
shown in Figure 4. The FTIR spectrum of protocatechuic 



9A 



2.9 A 





Carbon 
Oxygen 



O Hydrogen 




=54 degrees 



4.8 A 



12.7 A 



6.8 A 




Figure 3 Three-dimensional molecular size of PA (A) and spatial orientation of PA intercalated between interlayers of ZLH (B). 
Abbreviations: PA, protocatechuic acid; ZLH, zinc-layered hydroxide. 
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Figure 4 Fourier transform infrared spectra of PA (A) and PAN (B). 
Abbreviations: PA, protocatechuic acid; PAN, protocatechuic acid nanocomposite. 



acid (Figure 4A) shows a broad absorption peak at 
3,202 cm 1 due to the OH stretching vibration. The band 
at 1,664 cm 1 can be attributed to the carbonyl functional 
group in the carboxylic group, while characteristic bands at 
1,599 cm -1 , 1,526 cnr 1 and 1,416 cnr 1 correspond to the C-C 
stretching of the aromatic ring. C-0 stretching bands can be 
observed at 1,278 cnr 1 and 1,098 cnr 1 and the OH bending 
vibration of the carboxyl group appeared at 931 cm -1 . 

Figure 4B exhibits some characteristic bands of 
protocatechuic acid. Although, these vibrations shifted due to 
the intercalation between protocatechuic acid anions and the 
interlayer of ZLH, and the peaks at 1,664 cnr 1 and 931 cnr 1 
were assigned to the C=0 stretching and OH bending vibra- 
tion of carboxyl group have vanished. These observations are 
taken as supporting evidence for successful intercalation of 
PA anions into the inorganic layers. The strong absorption 
band at 3,441 cnr 1 is attributable to OH stretching vibration, 
and intense peaks at 1,591 cnr 1 and 1,393 cnr 1 are ascribed 



to asymmetric and symmetric stretching of the COO" group, 
respectively. 36 - 37 The C-C stretching vibration of the aromatic 
ring was recorded at 1,552 cnr 1 and 1,433 cnr 1 . Furthermore, 
the adsorption bands at 500 cnr 1 and 658 cnr 1 are due to Zn-0 
and Zn-OH lattice vibrations. 13 38 Successful intercalation of 
anticancer agent, protocatechuate into interlayer galleries 
of ZLH was further supported by elemental analysis data as 
shown in Table 1. The PAN contained 30.2% zinc (weight/ 
weight [w/w]), 19.5% carbon (w/w) and 1 .6% hydrogen (w/w) 
and the loading percentage of protocatechuate in PAN was 
estimated to be 35.7% (w/w). 

Thermal analysis 

The thermogravimetric (TGA) and differential thermogra- 
vimetric (DTG) measurement of protocatechuic acid and its 
intercalated compound, PAN, are given in Figure 5 . The TGA/ 
DTG thermogram for free protocatechuic acid (Figure 5A) 
revealed two thermal phenomena. The first step, in the region of 
58°C-139°C at maximum temperature of 120°C with 9.2% 
weight losses, can be associated with the removal of absorbed 
water. This was followed by a second step of weight loss which 
occurred in the region of 1 75°C-303°C, which was attributed 
to the protocatechuic acid combustion, corresponding to a 
sharp peak at 254°C with 76.8% mass loss. The decomposi- 
tion of PAN (Figure 5B) occurred in two major stages. The 
first one was at around 82°C in the region of 60°C-1 19°C 
with weight loss of 4.9%. The second stage was at 587°C in 
the region 393°C-638°C with 65.7% weight loss. The first 
step corresponds to removal of surface physisorbed water 
molecules and the second weight loss associates to the decom- 
position of incorporated guest anion, protocatechuic acid. It is 
worth noting that the degradation temperature attributing to 
PA in the PAN (587°C) is higher than the pure PA decompo- 
sition (254°C). This indicates that the thermal stability of the 
intercalated anticancer agent protocatechuic acid is enhanced 
because of the intercalation into the ZLH host. 

Surface characterization 

Figure 6A gives the nitrogen adsorption-desorption iso- 
therms of ZnO and PAN. As can be seen from Figure 6A, 
the adsorption-desorption isotherm for both precursor and 
nanocomposite is categorized as Type IV with H3-Type 



Table I Physicochemical properties of ZnO and PAN 



Sample 


C(%) 


H(%) 


Zn 


Anion 


BET surface 


BJH pore volume 


BJH average pore 








(% w/w) 


(% w/w) 


area (m 2 /g) 


(cm 3 /g) 


diameter (A) 


ZnO 






82.7 




6 


0.03 


40 


PAN 


19.5 


1.6 


30.2 


35.7 


8 


0.04 


62 



Abbreviations: PAN, protocatechuic acid nanocomposite; w/w, weight/weight; BJH, Barret-Joyner-Halenda method; BET, Brunauer, Emmett and Teller method. 
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Figure 5 Thermogravimetric and differential thermogravimetric analyses of protocatechuic acid (A) and PAN (B). 
Abbreviation: PAN, protocatechuic acid nanocomposite. 



hysteresis loop (by International Union of Pure and Applied 
Chemistry (IUPAC) classification). This type of loop is typical 
for materials which have a mesoporous-type structure. 39,40 
ZnO showed slow adsorbate uptake at a low relative pres- 
sure range of 0.0-0.9. At 0.9, rapid adsorption ensued until 
an optimum uptake of around 1 1 .2 P/P o (relative pressure) 
was achieved. However, the adsorption for PAN occurred in 
a gradual manner at a relative pressure range of 0.0-0.9, fol- 
lowed by rapid adsoiption, and reached a maximum uptake 
at 29.3 P/P . The desorption branch of the hysteresis loop for 
ZnO was much narrower compared to PAN, indicating differ- 
ent pore textures in the precursor and nanocomposite. 



The surface area of both materials determined by the 
Brunauer, Emmett and Teller (BET) method is shown in 
Table 1 . The surface area increased from 6 m 2 /g for ZnO to 
8 m 2 /g for PAN. Furthermore, we recorded an increase in 
pore size and pore volume from ZnO to PAN. These results 
confirmed the transformation of ZnO precursor to PAN. 
As shown in Figure 6B, ZnO gave a single peak pore size 
distribution at 6.0, 7.7, 12.2, 33.8 and 71.8 A. On the other 
hand, a single-peaked pore size distribution was observed 
for PAN, centered at around 4.6, 6.5, 8.0, 12.6 and 39.0 A. 
The average pore diameter and pore volume shown by 
Barret- Joyner-Halenda (BJH) method desorption are given 




Relative pressure Pore diameter (A) 

Figure 6 Adsorption-desorption isotherms for ZnO and PAN (A), and Barret-Joyner-Halenda method pore size distribution for ZnO and PAN (B). 
Abbreviations: PAN, protocatechuic acid nanocomposite; STP, standard temperature and pressure. 
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in Table 1 . The B JH average pore diameters for ZnO and 
PAN were 40 A and 62 A, respectively, and the BJH pore 
volumes for the same samples were 0.03 cmVg and 0.04 
cmVg, respectively. 

The surface morphology of ZnO and PAN, examined using 
a field emission scanning electron microscope (FESEM), is 
demonstrated in Figure 7. ZnO is shown to have a nonuniform 
granular structure with various shapes and sizes (Figure 7A 
and B). As a result of intercalation of protocatechuic acid 
anions, this structure was converted to an agglomerate of com- 
pact and nonporous granular structure (Figure 7C and D). 

Transmission electron microscope (TEM) 
analysis 

Figure 8 shows the TEM micrographs of ZnO and PAN. 
The TEM specimens were prepared by placing a droplet of 



colloidal solution on a Formvar grid, and drying it in the 
air. The colloidal solution was obtained by addition of a 
known amount of ZnO/nanocomposite into 5 mL of solvent 
(50% acetone, 50% deionized water), and then sonicated for 
30 minutes. The small rod-like shaped particles of length 
123 nm and diameter 65 nm for ZnO (Figure 8 A) changed 
upon the intercalation of protocatechuic acid into the inor- 
ganic host, to the roughly spherical shape with the average 
size of 46 nm in PAN (Figure 8B). 

Release behavior of protocatechuate 
anions 

To investigate the release behavior of protocatechuic acid 
from PAN and its physical mixture, the samples were indi- 
vidually dispersed into PBS at pH 7.4 and pH 4.8. Figure 9B 
provides the release profiles of PAN at pH 7.4 and pH 4.8, and 
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Figure 7 Field emission scanning electron micrograph of ZnO (at 50,000x [A] and I OO.OOOx [B]) and protocatechuic acid nanocomposite (at 50,000x [C] and 1 00,000x [D]). 
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Figure 8 TEM images of ZnO (A), and PAN (B). 

Abbreviations: TEM, transmission electron microscope; PAN, protocatechuic acid 

the release profiles of a physical mixture of protocatechuic 
acid with ZnO into PBS at pH 7.4 and pH 4.8 media are 
shown in Figure 9A. The free protocatechuic acid released 
quickly, and the release was completed within 1 0 minutes in 
both pH 7.4 and pH 4.8 PBS, indicating that the interaction 
between the contents of the physical mixture was almost 
negligible. On the other hand, the release of protocatechuic 
acid from PAN was obviously much slower than that from 
the physical mixture. This phenomena is ascribed to the 
electrostatic attraction between protocatechuate anions and 
the ZLH inorganic layers together with the ion-exchange 
property, and these results revealed the novelty of ZLH being 
used in a controlled release formulation of an anticancer drug, 
protocatechuic acid. 

Figure 9B clearly displays that the pH value of the 
medium imposes an influence on the release performance 




locomposite. 

of protocatechuic acid anions from the PAN nanocomposite. 
The release rate at pH 7.4 was remarkably lower than that 
at pH 4.8, whereas the release percentage of protocat- 
echuic acid from PAN at pH 7.4 was about 87% within 
7,001 minutes, compared to 95% within 1,592 minutes at 
pH 4.8. Furthermore, the release profile of the nanocom- 
posite at pH 4.8 for the first 372 minutes showed a fast 
release with 76%, which is possibly attributed to partial 
dissolution of the ZLH layers because of the instability 
of ZLH in acidic media. It was followed by a slower step 
which is related to the ion-exchange process between the 
protocatechuate anion pillared into the lamella host and the 
phosphate anions in the buffer solution. 4 '^ 3 However, ZLH 
is stable in a pH 7.4 environment and the mechanism of 
the modified drug release in this media may have occurred 
through an ion-exchange reaction between the drug anions 
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Table 2 Correlation coefficient (R 2 ), rate constants (k), and half life (t |/2 ) values obtained by fitting the data of the release of PA from 
PAN into phosphate-buffered saline at pH 4.8 and 7.4 



Aqueous 


Saturation 


R 2 






Pseudo-second order 




solution 


release (%) 


Pseudo- 


Pseudo- 


Parabolic 


Rate constant, 








first order 


second order 


diffusion 


K (g/mg h) 




pH 7.4 


87 


0.9694 


0.9962 


0.8354 


2.07x1 0" 5 


531 


pH 4.8 


95 


0.9686 


0.9966 


0.8018 


5.86xl0" 5 


162 



Abbreviations: PAN, protocatechuic acid nanocomposite; PA, protocatechuic acid. 



and the phosphate buffer anions. 4143 The release behavior 
of protocatechuic acid demonstrates a similar result to other 
drugs such as chlorogenic acid 13 and perindopril erbumine, 44 
found in the literature. 

Release kinetics of protocatechuate 
from PAN 

Kinetic release of protocatechuate from PAN was analyzed 
using various kinetic models, namely the pseudo-first order 
(Equation l), 45 pseudo-second order (Equation 2), 46 and 
parabolic diffusion (Equation 3) 47 equations: 

ln(q -q t ) = In q e -k [ t (1) 

t/q t =l/k 2 q c 2 +t/q e (2) 

(l-M/M o )/t = kt-° 5 + b (3) 

where M o and M t are the amount of protocatechuic acid 
between the layers at release time 0 and t, respectively; q. and 
q t are the amount of protocatechuic acid released at equilibrium 
and at time t, respectively; k is the corresponding release rate 
constant, and b is a constant. 

For three kinetic models, the plots are represented in 
Figure 1 0A-F. As evident with the values of correlation coef- 
ficient, R 2 in Table 2, the pseudo-second order kinetic was the 
best fit for release of protocatechuic acid anion from ZLH inter- 
layers. This result is similar to the kinetic study for the release 
of chlorogenic acid from ZLH layers, 13 camptothecin from 
Mg/Al-LDH, 46 and cetirizine from ZLH. 48 The correlation 
coefficient and release rate constant at pH 4.8 (Figure 10E) 
are 0.9966 and 5.86xl(L 5 g/mg h respectively, compared 
with 0.9962 and 2.07x10^ g/mg-h, respectively at pH 7.4 
(Figure 10B). 

Cytotoxicity assay of PAN, protocatechuic 
acid and ZnO samples against 3T3, HeLa, 
HepG2 and HT29 cell lines 

The efficacy of PAN, PA, and ZnO in suppressing the 
growth of HeLa cervical adenocarcinoma, HT29 colorectal 



adenocarcinoma and HepG2 liver hepatocarcinoma was 
assessed using a colorimetric assay (MTT assay) as various 
cell lines possessed different sensitivity toward drugs. The 3T3 
normal fibroblast cells were employed as a respective control. 

PA and PAN demonstrated growth inhibition against 
all tested cancerous cell lines including HeLa, HepG2 and 
HT29 cells. As illustrated in Figure 1 1 , HeLa, HepG2 and 
HT29 cells displayed a dose-dependent reduction in cell 
viability after 48 hours of incubation. These two drugs 
exerted a cytotoxic effect on all tested cell lines at higher 
concentrations (>25 |lg/mL), and showed a slight toxicity 
at lower concentrations. 

In general, PA exhibited a much lower cytotoxic effect 
on the cancerous cells with a higher half maximal inhibi- 
tory concentration value (IC 50 ) compared to the IC 50 value 
of PAN as presented in Table 3. Interestingly, a higher 
PAN cytotoxicity was demonstrated in HepG2 and HT29 
cells. PAN decreased cell viability of HepG2, with an IC 50 
of 20.5 lig/mLwhen compared to PA which was 41 |ig/mL. 
The same goes for HT29, where the IC 50 of PAN was 
found to be 24.5 jig/mL. This value was much lower 
compared to the IC 50 of PA, which was 46.5 ia.g/mL. 
By contrast, the lowest cytotoxicity was observed in the 
HeLa cell line, where the calculated IC 50 was around 
36 ug/mL. However, the IC 50 value of PAN was not significant 
from the IC 50 value of PA, which was 40 jig/mL. This shows 
that the introduction of the ZnO layer into PA improved the 
efficacy of PA in HepG2 and HT29 cell lines. 

It is apparent from Figure 1 1 that both PA and PAN did 
not induce toxicity in 3T3 cells. Both compounds did not 
affect cell viability in the tested range, as the survival was 
consistently greater than 70% or similar to control. In this 
case, it can be suggested that both PA and PAN possessed 
good anticancer activities and demonstrated selectivity 
between cancerous and normal cells. 

Figure 11 shows that upon exposure to <25 Ug/mL 
ZnO, there was no significant inhibition in cell prolifera- 
tion in all four cell lines tested. However, increasing ZnO 
concentration led to death of these cells. At 50 |ig/mL, 
the cell viability was 34.5%, 40%, 47% and 44.5% 
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Figure 10 Fitting of the data for PA release from PAN into various solutions to the pseudo-first order, pseudo-second order kinetics and parabolic diffusion model for 
pH 7.4 (A-C) and pH 4.8 (D-F). 

Abbreviations: PA, protocatechuic acid; PAN, protocatechuic acid nanocomposite; M 0 , amount of protocatechuic acid between the layers at release time 0; Mt, amount 
of protocatechuic acid between the layers at release time t; qe, amount of protocatechuic acid released at equilibrium; qt, amount of protocatechuic acid released at time t; 
k, release rate constant. 
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Table 3 The half maximal inhibitory concentration (IC 50 ) value 
for PA, PAN and ZnO samples tested on 3T3, HeLa, HepG2 and 
HT29 cell lines 



Cell type 


IC 50 Oig/mL) 






PA 


PAN 


ZnO 


3T3 


No cytotoxicity 


No cytotoxicity 


44.5 


HeLa 


40.0 


36.0 


34.5 


HepG2 


41.0 


20.5 


40.0 


HT29 


46.5 


24.5 


47.0 



Note: Values are in [Ig/mL. 

Abbreviations: PAN, protocatechuic acid nanocomposite; PA, protocatechuic acid. 

for HeLa, HepG2, HT29 and 3T3, respectively. This 
shows that in vitro, ZnO has a cytotoxic ability to suppress 
the growth of both cancerous and normal cells without a 
selective manner. 



In contrast, it has been reported that ZnO nanoparticles 
selectively induce apoptosis in cancerous cells, while posing 
no negative impact on normal cells. Even so, in their studies, 
all the tested cell lines were exposed to a low concentration of 
ZnO, which was only up to 1 5 LLg/mL for 24 hours, which was 
much lower than the concentration tested in this study. 4 '' 

The toxicity of ZnO toward normal cells and cancerous 
cells is strongly related to the intracellular dissolution of 
ZnO to ionic Zn 2+ . 50 Despite that, there is an argument as to 
whether the toxicity toward these cells was attributed solely 
to released ionic Zn 2+ , or the non-dissolved particle of ZnO, 
or the combination of these two processes. 51 52 This will 
induce oxidative stress, DNA damage and eventually cell 
death via apoptosis. 53 
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Figure I I Cell viability {MTT assay) of 3T3, HeLa, HepG2 and HT29 cell lines exposed to various gradient concentrations. 
Note: The data presented are mean + standard deviation of triplicate values. 
Abbreviations: PAN, protocatechuic acid nanocomposite; MTT, methylthiazol tetrazolium. 
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In order to prevent the cytotoxic effect of ZnO, fur- 
ther investigation is required. Previous studies regarding 
this matter focused on the coating of ZnO nanoparticles 
with nontoxic, naturally occurring or synthetic polymers, 
such as starch and polyethylene glycol, to greatly pro- 
tect the normal cells from the toxicity effects of ZnO 
nanoparticles. 54 

Conclusion 

In the present work, the intercalation of a drug active, 
protocatechuic acid into the ZLH interlayer spaces was 
accomplished using ZnO as a precursor to generate PAN. 
A relatively high loading percentage of protocatechuate 
of about 35.7% and FTIR analysis together with X-ray 
diffraction studies supported the intercalation between the 
protocatechuate moiety and the positive charge of ZLH 
inorganic interlayers. X-ray diffraction patterns suggested 
an expansion of interlayer spacing to 12.7 A due to the 
monolayer arrangement of protocatechuate anions with 
the angle of 54 degrees from the Z-axis. The release study 
showed that about 95% of the guest protocatechuate could 
be released in 1,592 minutes in pH 4.8 PBS compared 
to 87% in 7,00 1 minutes at pH 7.4, with the release governed 
by pseudo-second order kinetics. Furthermore, the guest 
anion, protocatechuate, was thermally more stable than its 
unbound counterpart. In essence, the introduction of ZLH 
for the intercalation of PA improved the anticancer efficacy 
and selectivity features of the resulting compound. After 
48 hours of treatment, the highest growth suppression and 
IC 50 value was much more prominent in both HepG2 and 
HT29 cell lines. These features suggest great potential for 
PAN as a novel alternative for chemopreventive and chemo- 
therapeutic treatments in human cancer. However, for the 
development of cancer treatment regimes, the concentration 
of the nanocarrier system needs to be in the safe therapeutic 
range, as higher concentrations of ZnO will kill not only 
cancerous cells, but also noncancerous cells. Future studies 
should be performed in order to further the understanding 
of this cytotoxicity mechanism in depth. 
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